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The mechanical behavior of Martensitic Microcomposite Formable Steel alloy for a wide range of temperatures
from room temperature to 923K and strain rates from 0.0015s ! to 500s ™ is investigated focusing on the effect
of dynamic strain aging. A new constitutive model including an additional flow stress component due to the
dynamic strain aging induced hardening is proposed for Martensitic Microcomposite Formable Steel alloy, which
has not been nonexistent so far. A Weibull distribution probability density type function is introduced to describe

this hardening. The dynamic strain aging stress element is defined as a function of temperature, equivalent
plastic strain, and its rate since its occurrence and characteristics depend on those factors. To check the validity
of the proposed model, experimental data from quasi-static and dynamic loading tests in the literature are uti-
lized. The new finite element code corresponding to the proposed model is also developed and validated using
experimental data. Lastly, strain rate sensitivity is discussed to investigate the effect of dynamic strain aging.

1. Introduction

Martensitic Microcomposite Formable Steel (MMFX) alloy is an
innovative material widely used in structural applications due to its
outstanding corrosion resistance, low maintenance cost, and high yield
strength [15, 52, 65]. In addition, MMFX has a high ductility, and
structures made of this material have a long service life of more than a
hundred years [40]. Despite its fast-growing demand for real-world
applications, most of the research regarding this material has been
focused on its corrosion resistance [12, 19, 40, 41]. In addition, although
diverse types of constitutive models have been proposed to investigate
the mechanical behaviors of diverse materials such as metals and alloys
[29, 44, 61], nanopaper [38], polyampholyte gel [54], shape-memory
alloys [13, 18, 601, high-entropy alloys [6, 9, 27, 62], elastomers [30,
33, 64], and neo-Hookean material [10, 22, 23], very limited studies
have been performed to investigate the mechanical behavior of MMFX,
in particular, under extreme loading conditions [1, 14]. Thus, this work
explores how MMFX behaves at a wide range of strain rates and tem-
peratures, especially focusing on a specific phenomenon, termed dy-
namic strain aging (DSA).

DSA typically occurs in metallic materials at combinations of tem-
peratures and strain rates in their specific ranges [4, 8, 24-26, 31, 32,
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47, 63]. It is well known that DSA is caused by the interaction of
diffusing solute atoms with mobile dislocations and it induces hard-
ening. Flow stress has a tendency to decrease with temperature rise,
however, this additional hardening due to DSA forms a bell-shaped
(concave downward) curve in flow stress versus temperature graph.
The magnitude of the DSA-induced hardening depends on temperature
range, applied strain rate, and strain level. One manifestation of the DSA
phenomenon is the serrated stress flow [related to the Portevin-Le
Chatelier (PLC) effect] during mechanical testing. Another manifesta-
tion is the bell-shaped peak in the flow stress versus temperature curves
(the third-type strain aging effect) [46, 58].

There are several undesirable material characteristics associated
with DSA such as reduction in fracture resistance and loss of ductility [4,
7]. More details about the physics and characteristics of DSA can be
found in the literature [3, 4, 17, 20, 21, 28, 35, 37, 58]. Therefore, it is
scientifically and technologically important to understand DSA and its
mechanism for a better quality of materials [42, 45]. However, the
fundamental mechanics of DSA is still unclear despite extensive research
on DSA for the last decades, and more study is required focusing on
theoretical and numerical approaches.

In the third author’s recent work [1], quasi-static and dynamic tests
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at a broad range of strain rates (¢ = 0.0015 — 500 s~!) were performed
with MMFX cylindrical samples at four temperatures (T = 298, 523, 723,
923K). Average chemical composition of MMFX was revealed as follows
through wet chemical analysis: Fe (balance), Cr (9.6 %), Mn (1.1 %), Si
(0.5 %), C (0.15 %) [1]. It was shown that DSA becomes active at
500 K<T<900 K under ¢ = 0.0015 and ¢ = 0.15 s7! and at all strain
levels from yield strain to € = 0.05. The physically based Voyiadjis-Abed
constitutive model (VA model) was employed in their work to investi-
gate the plastic flow of MMFX alloys, however, it did not address the
DSA-induced hardening.

In the current work, a new temperature- and rate-dependent
constitutive model is proposed to investigate mechanics of MMFX
under extreme environments focusing on the third-type strain aging
effect by combining an additional component describing the DSA-
induced hardening with the existing VA model. The proposed model is
then validated using the experiments, which were performed by Abed
et al. [1]. The VA model consists of athermal (6,) and thermal (64) flow
stress components, and the additional component for DSA (cq) is
expressed by a function of temperature, equivalent plastic strain (e),
and equivalent plastic strain rate (¢,) through a probability density type
function. A negligibly small elastic deformation is assumed, therefore
the following assumption is made in this work: ¢ = ¢, and ¢ = &,. This
concept has been utilized over the recent years in the authors’ works to
study the effect of DSA for the following materials: titanium [51],
Inconel 718 alloy [56], C45 steel [57], niobium [50], and Q235B steel
[49]. Finite element (FE) code corresponding to the proposed model is
also developed in this work. To define an isotropic yield behavior of
MMFX, a user-defined subroutine is written and called at all material
calculation element points. The developed FE code is then validated
using the experimental measurements by Abed et al. [1].

The outline of this work is as follows. In Section 2, a new type of
constitutive model is proposed by incorporating the effect of DSA
hardening. In Section 3, material parameters for the proposed model are
calibrated using experimental data. In Section 4, the FE code for the
proposed model is introduced. In Section 5, the proposed model and its
FE code are validated by comparing them to experimental stress-strain
responses. In Section 6, strain rate sensitivity, one of the important is-
sues caused by DSA, is discussed. The findings of this work are sum-
marized in Section 7. Note that the terms “stress” and “strain” stand for
“true stress” and “true strain” in this work unless stated otherwise.

2. Constitutive model

As introduced in the previous section, the total flow stress (c) in the
proposed model is composed of the three elements, i.e.

0 =0,+0y+ 0y (@)

where the first, second, and third terms denote the athermal, thermal,
and DSA stresses, respectively. The VA model consists of the first two
components in Eq. (1), i.e. 6 = 64 + 64, without the DSA hardening. It
has been shown in many literatures that constitutive models without
considering the effect of DSA (including the VA model) are not able to
provide a good quality of predictions [9, 43, 49, 57]. Note that grain
boundary strengthening is not considered in this work.

Generally, short-range barrier and long-range barrier are two kinds
of barriers to obstruct the movement of dislocations in crystal lattices.
The former is overcome by thermal activation energy whereas the latter
is not. An additive decomposition of the athermal and thermal elements
is established based on this, and its validity was demonstrated in several
works [49-51, 55-57].

For MMFX steel in the current model, 6, is defined as a function of g,
and oy, is defined as a function of ¢y, &, and T as follows:

0.(¢,) =0, + Be))! 2)
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P

where 6, denotes the athermal yield stress, and B and n; define the
g
is the referential equivalent plastic strain rate, and it is set as 1.0 in this

work. The constants By, P2, p, and g need to be determined by curve
fitting using experimental measurements. Typically, p € [0: 1] and q €
[1: 2]. In the current work, it is assumed p = 0.5 and q = 1.5.

DSA may cause instabilities including temporal and spatial in-
stabilities (loss of homogeneity of strain) during plastic deformation
mostly in metallic materials [26, 39, 51, 56]. The dislocations motion in
materials is not a continuous procedure. In plastic flow, dislocations run
into obstacles, and their movements are stopped temporally. The
diffusion of solutes occurs around the trapped dislocations, and addi-
tional sufficient stress is required to move to another adjacent disloca-
tion. This process is repeated during plastic deformation. The occurrence
of DSA is thus attributed to the interaction between diffusing solute el-
ements and mobile dislocations [11]. Fig. 1 shows this process sche-
matically. During deformation, solute atoms are forced through lattice
structures. It creates mobile dislocations remaining pinned at other
dislocations until they are dislodged by an adequate level of stress. The
waiting time (t,,) represents the amount of time that dislocations remain
pinned. When ¢, gets close to the aging time, DSA becomes activated
[36].

Meanwhile, the following equation is utilized in this work to connect
the dislocation density with the equivalent plastic strain [5]:

athermal hardening. The thermal yield stress is defined by 6, and ny.

dp
L =_U-A-Q 4
de, P )

where U is the rate of dislocations annihilation, A is the rate of mobile
dislocations annihilation and Q is related to the probability of immobile
dislocations annihilation.

The dislocation density, p, is then obtained by

U-A
o [1—exp(—Qe¢,)] + poexp(—Qe,) 5)

where po is the initial dislocation density.

The effect of DSA on flow stresses was investigated in Bergstrom and
Roberts [5] by comparing model predictions with experiments as shown
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Fig. 1. Schematic illustration for the DSA process. During DSA, substitutional
impurities (indicated by orange circles) are driven across the slip plane. The
interaction between solute atoms and lattice dislocations occurs when the
former enters crystalline solids, and it may change the material behavior. Solute
atoms cluster below the dislocations and form Cottrell atmospheres, which
restrict the motion of dislocations and hold them in place [11]. The additional
stress is required to move the dislocations caught by the atmospheres, and this
causes an increase in strength. The term “aging” refers to the process of solutes
diffusing towards dislocations over time [16].
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in Fig. 2. In Fig. 2(a), an increase in yield stress is observed at a certain
range of temperatures. Correspondingly, at the same temperature range,
relatively large values of U — A (Fig. 2(b)) and low values of Q (Fig. 2(c))
were observed as well. Based on this finding, an increase in flow stress
can be obtained by the substitution of Eq. (5) into Taylor’s dislocation
model (¢ = aub,/p) [53].

U—A 12
0 =00+ aﬂb{T [1—exp(—Q¢,)] + poexp(—er)} (6)

where o is the friction stress and p is the shear modulus. It can be
concluded that DSA could be modeled through a form of probability
function because it has a probabilistic nature.

Based on the aforementioned concept, the following functional form
of a Weibull distribution probability density function is employed in this
work as a function of equivalent plastic strain and temperature to
characterize c4:

_uf%q

by )

Oq = adexp{

where the terms ag > 0 and by > 0 determine the scale and shape of 64.
The former defines the magnitude of DSA-induced hardening, whereas
the latter defines a range of temperatures where the DSA hardening is
present. The term 77 is associated with the temperature at which the
relationship between mobile dislocations and solute atoms becomes
most concentrated.

The terms aq and by are defined as a function of g, respectively. Since
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there are three available data sets with different levels of g, [1], a unique
expression can be defined for a4 and by if a power-law form is employed.
Thus, the terms aq and by are defined in the following forms:

a, (s,,) = ﬁeﬁ“ (€]
by (ep) = 562” 9

where the material constants (k, and kp) and the law’s exponents (n, and
np) need to be calibrated. Note that other functional forms may be used
for ag and by [56, 57].

The function 7, on the other hand, is given as a function of &,. Only
two data sets are available for defining this function, as a result, it
cannot be defined uniquely [1]. Some feasible forms are power-law,
linear, and logarithmic such as

(power — law) 7~ (é,,) = 7&’2’/

(linear) 7~ (é‘p) =Té+ 7

(logarithmic) 7/(8,,) = Tiné, + 7 10)

where 7, 7, and n 4 are the material constants that need to be cali-
brated.
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Fig. 2. Graphs of (a) lower yield stress (units: kg e mm~2), (b) U — A (units: 10~° e cm~2) and (¢) Q as a function of temperature. Solid lines and dots represent model
predictions and experimental data, respectively [5]. The dashed lines indicate the expected results without the effect of DSA.
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3. Calibration for the model parameters

The parameters for the proposed model are calibrated using the
experimental measurements on stress-temperature responses at several
levels of equivalent plastic strain and equivalent plastic strain rate. For
this purpose, in Abed et al. [1], a universal testing machine (UTM) and
dynamic drop mass bench were used to perform quasi-static uniaxial
tensile tests (¢ = 0.0015, 0.015, and 0.15s" Y and drop hammer dy-
namic tests (¢ = 300, 400, and 5005’1). Zwick/Roell 3-zone
high-temperature furnace was also used along with a UTM to test the
materials at elevated temperatures (T = 523, 723, 923K). See Abed et al.
[1] for more information about the experimental setup.

Flow stress tends to decline with temperature rise up to a certain
temperature (called a critical temperature) and remains unchanged
beyond the critical temperature. This level of constant flow stress in-
dicates the athermal flow stress. In this work, the highest temperature
employed in this work, 923K, is assumed as the critical temperature
because the experiments were performed up to that temperature and
there is no available data. The three athermal stress parameters (6,, B,
and n;) in Eq. (2) are determined first by using stress-strain data at the
critical temperature. The parameter 6, represents the athermal stress at
e =0.

Next, the material parameters defining thermal stress need to be
determined. It can be done by using the relationship, 65, = 6 — 64 — 04.
Flow stress versus temperature graphs at different strains are utilized for
this step. The two exponent parameters, p and q, are associated with the
thermal degradation mechanism. In most of the literature including the
authors’ previous work [51, 56, 57], p = 0.5 and q = 1.5 were taken as
suitable values because they provide the most accurate results. To obtain
6 and ny, (6 — 64 — Bey' — 64)F versus Td responses at different plastic
strain levels with designated strain rates can be utilized. Similarly,
(1 = ((6 —Ba — Bey' — 04)/0mey? P)Iversus &, graphs at different levels
of temperature and plastic strain are employed to determine p; and fa.
The determined material parameters of the VA model for MMFX are
summarized in Table 1.

The functions in Eq. (7), ag4, bg, and 77, must be defined properly to
well capture the DSA hardening. In the experiments [1], bell-shaped
(concave downward) curves in stress versus temperature graphs were
clearly observed at all levels of strain (yield strain, &, = 0.02, and &, =
0.05) under quasi-static loadings (¢ = 0.0015 and 0.153’1). The main
source of this additional hardening is DSA, and this must be considered
when building a constitutive model. Flow stress versus temperature re-
sponses can be used to define the expressions for ag, bg, and 7 for this
purpose.

Based on the expressions given in Egs. (8) and (9) along with the
three available experimental data sets at yield strain, e, = 0.02 and g, =
0.05, the functions ag and bg can be accurately defined by comparing the
magnitude and width of bell-shaped DSA predicted by the proposed
model to the experimentally observed shape and scale of DSA hardening.
This is shown in Fig. 3(a). The coefficient of determination, R%?= 0.9999,
is obtained for both functions. These functions for MMFX are defined as
follows:

ay(e,) = 743e)"* (MPa) 1D
by(e,) = 616126)° (K?) 12)
Table 1
VA Model parameters for MMFX.
(MPa) B(MPa) m(—) G (MPa) ny( —)
100 1000 0.6 3000 0.06
B1 (1/K) B2 (1/K) p(—=) q( =) ég (s
7.8 x107* 5.0 x 1077 0.5 1.5 1.0
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Meanwhile, only two experimental data sets from [1] are available to
define % at &=0.0015s"! and 0.15s"!. Various forms including
power-law, linear and logarithmic are tested to figure out which one
provides the most accurate results (Fig. 3(b)). In terms of accuracy, it is
shown that gap is little from each other. Therefore, a power-law form is
selected since not only it was used for ag and by, but also it is composed
of only one term. 7 is defined as follows:

7/(g,,> =656¢, (K) 13)

By substituting Eqgs. (11), (12), and (13) into Eq. (7), the DSA stress
component for MMFX is given as

2
- —0.009
T — 656, }

T 6161260069 a4
P

64 <8p7 &, T ) = 7430 exp

With the calibrated material parameters for the VA model and the
defined functions for the DSA hardening, total flow stress is plotted with
respect to temperature at yield strain, &, = 0.02, and ¢, = 0.05 as shown
in Fig. 4. The concave downward bell-shaped hardening is described
properly by the proposed model, whereas the VA model without DSA
cannot capture it. At g, = 0.05 under both strain rates, the proposed
model tends to overestimate the flow stresses when compared to the
experimental data, especially at elevated temperatures. The reason is
that MMFX undergoes a relatively short hardening period, followed by a
long softening as temperature increases. This effect is not included in the
proposed model.

4. Finite element implementation

The finite element method (FEM) for the proposed model is imple-
mented to demonstrate its numerical validation. Implementing a
UHARD subroutine can be the most efficient method to define the
hardening parameters for isotropic plasticity and yield surface size.
Therefore, the proposed model is implemented via the commercial
solver ABAQUS by writing this subroutine. In the subroutine, it is
required to define the derivatives of flow stress with respect to equiva-
lent plastic strain, equivalent plastic strain rate, and temperature.

The flow stress in the current model is given as a function of ¢, &, and
T. These variables are indicated by EQPLAS (gp), EQPLASRT (£,) and
TEMP (T). The flow stress is defined in the subroutine as SYIELD. Var-
iables that need to be defined in the subroutine are HARD (1) = do/de,
HARD (2) = do/0¢, and HARD (3) = do/0dT. Note that these variables are
automatically computed by ABAQUS for each integration point ac-
cording to the element order and type selected.

The total flow stress is defined as the contribution of four compo-
nents as follows:

0(6,,, &y T) = 04(8p) + o (8,7, &y, T) +0d<€,7, &y, T) 1s)

Each term is respectively given by

ACAETA + Bel) (16)
NY
. _ £,
o <6,,, &, T> =Gy | 1 - ﬂIT—ﬁzTé—g 17
4
2
(o)
e, &, T) =aqy(e —_—— 18
o-d< Py ©p ) ad( /’)exp bd(élp) 18)

The definition of HARD (1) can be addressed by decomposing it into:
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Fig. 3. Determination of the DSA hardening components: (a) a power-law form is used to define a4 and by as a function of equivalent plastic strain, i.e. ag =
743609344 (MPa) and by = 6161259 (K2), whereas (b) various forms are employed to define 7 as a function of equivalent plastic strain rate. In the current work,

a power-law form is utilized as follows: 7" = 656¢, 0009 (K). The experimental data from [1] are indicated by dots.
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The definition of HARD (3) can be addressed by decomposing it into:

2 2
ooy €,y &,y T T—7|¢ T—-7¢
d( v Ep ) — exp _{ ( p)} aad(sp)+a @) ( p)} 0b,(g,) ©22)
0, ba(ep) e, 4\ b3 (ep) e,
The definition of HARD (2) can be addressed by decomposing it into: . .
aG(EP, &p, T) 60,‘ (E'p) aarh (€p7 Eps T)
(30'(81” é'p, T) do (8 ) 00y, (5'1)7 épv T) HARD(B); aT - aT + oT
HARD(2); - =——ty . .
0¢, 0¢, 0¢, oo\ €, €, T
7/ 27
30, (e,,, &, T> + or @7
+— 23)
0¢, ¢ where,
where, do, (‘gp) _
) T = 0 (28)
M =0 (24
0¢,
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Fig. 4. Graphs of flow stress versus temperature at different strain levels from the VA model and the proposed model. The two different strain rates are applied: (a) &,
=0.0015and (b) ¢, =0.15 s~1. The experimental data [1] are indicated by dots. At a strain level of 0.05, the model predictions are a little off the experiments. This is

because of the accumulation of damage observed in the experiments as shown in the stress-strain curves in Fig. 5. Note that the current model does not consider the
damage effect.



Y. Song et al.
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A simple uniaxial tension problem is solved to compute stress versus
strain responses at various temperatures with the two strain rates. A
single three-dimensional solid eight-node brick element (C3D8) is
employed. The material parameters in Table 1 are used once again for
the FE simulations. The obtained FEM results are shown in the next
section via stress versus strain graphs to show its accuracy.

5. Stress-strain curves

Flow stress versus strain data is utilized in this section to verify the
proposed model and the corresponding numerical algorithm developed
in the previous section. The theoretical predictions from the proposed
model, as well as the numerical calculations from the developed FE
code, are plotted in Fig. 5 along with the experimental measurements
from [1] under &, = 0.0015 and 0.15s"! at various temperatures. The
VA model predictions are also shown for comparison. Fig. 5 clearly
shows the disorder of flow stress about temperature caused by the DSA
phenomenon because the flow stress at T = 723K is almost the same with
or slightly larger than the one at T = 523K under both strain rates. At
certain combinations of temperature and strain rate where DSA becomes
functional, e.g., T = 523K and 723K under both strain rates, the pro-
posed model can clearly simulate accurately the experiments while the
VA model cannot. The numerical predictions also show good agreements
with experiments, particularly it is demonstrated that the developed FE
code well describes the proposed constitutive model. Note that, in the
early strain range in both strain rates, there is a gap between the
experimental data and model predictions. This is because of the previ-
ously mentioned assumption of infinitesimal elastic deformation that
was made for the derivation of the proposed model. On the contrary, the

1400
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b1 — P (29)

experiment showed a fair amount of elastic range, which naturally
generates a gap between them.

Beyond a strain level of 0.03, softening is notably observed in the
experiments, especially at T = 523K and 723K under both strain rates.
As indicated in Abed et al. [1], this is due to the accumulation of dam-
age, which is initiated by a small crack network in materials. It should be
noted that the current model is not a coupled damage-plasticity model,
therefore it does not consider the damage effect.

Figs. 6 shows flow stress surfaces from the proposed model at a wide
range of temperatures ranging from cryogenic to elevated temperatures.
The experimental data illustrated by dots are located mostly near the
surfaces in both strain rates.

It should be noted that stress versus strain graphs at high strain rates
are not considered in Figs. 5 and 6. In Abed et al. [1], it was revealed
from the experiments that the role of solute/dislocation interactions in
not effective at the range of high strain rates, which in turn, dynamic
strain aging might not be active in that range. In fact, this is the reason
that the experimental data at £, = 0.0015 and 0.15s~! were considered
only when the functional form of 7" is determined from the experi-
mental data in Fig. 3(b).

6. Strain rate sensitivity (SRS)

Strain rate sensitivity (m) can be defined as a slope in stress versus
logarithmic strain rate graph, i.e. m = do/dIné. At low strain rates, the
dislocations continuously encounter obstacles when they move through
the lattices, and the thermal activation energy (AG) lowers the effective
barrier height for dislocation motion. Since AG decreases with strain
rate and increases with temperature, the following equation can be used
[59].

AG = kTl % (31)

where k is the Boltzmann constant and & is the reference strain rate.
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Fig. 5. Stress-strain predictions from the VA model, the proposed model and the FEM results with the experimental data [1] at the three temperatures (298, 523, and
723K) under (a) &, = 0.0015 and (b) £, =0.15 s71. At elevated temperatures, i.e. 523 and 723K, DSA becomes very active under both strain rates, as a result, the VA
model is not able to provide a good quality of predictions. The DSA-induced hardening in those temperatures is well captured by the proposed model and the
developed finite element code.
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to bump-shape stress surfaces at a certain range of temperatures.



Y. Song et al.
2000 .
Strain = 0.05
1600
2 1200
§
f_ 800 - ¢ Experiments
S ——— VA Model (Abed et al., 2020)
=)
400 | — Proposed Model
o Ll Ll Liuul Lol Liaiuul L1
0.001 0.01 0.1 1 10 100 1000

Strain rate (1/s)

Fig. 7. Graph of flow stress as a function of strain rate in logarithmic scale at
room temperature for a strain rate sensitivity analysis. The experimental data
[1] are indicated by dots. The experiments show high strain rate sensitivity at
high strain rates. The results from the VA model proposed in Abed et al. [1] do
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As shown in this equation, AG decreases as ¢ increases since less time
is available to get over the barriers. Thus, at low strain rates, AG be-
comes relatively higher, and more load is needed to overcome barriers.
The effect of thermal activation is then entirely exploited, resulting in
less external stress and lower SRS [62]. At high strain rates, on the other
hand, AG is relatively small and not enough to overcome the obstacles.
As a result, the effect of the thermal activation weakens gradually and
results in larger external stress and higher SRS [59]. In addition, dislo-
cations move much faster at high strain rates and these rapid-moving
dislocations cause significant heat. It may be assumed that metals
behave as Newtonian viscous materials with respect to dislocations.
Thus, the motions of dislocations are subjected to viscous drag primarily
from the interactions between dislocations and electron (electron vis-
cosity) as well as dislocations and thermal vibrations (phonon drag).
Consequently, this results in a much higher SRS.

Fig. 7 shows the stress versus logarithmic strain rate graph for MMFX
at room temperature. It is clearly seen from the experiments that SRS
becomes much more significant at high strain rates. The VA model in the
literature was not able to capture this trend, whereas the proposed
model shows a good agreement. The VA model in Abed et al. [1]
included the term Iné,/ ég instead of &,/ ég in Eq. (3) in the current work.
Because of the mathematical reason, the models using the natural log-
arithmic term inherently result in the linear behavior with respect to
x-axis in Fig. 7, which causes unrealistic results. To avoid it and to obtain
a better agreement with the experimental measurements, the
non-logarithmic term, &,/ &%, is utilized in this work, which provides a
good quality of results at the high strain rate range.

7. Conclusions

The constitutive model for MMFX is developed by considering the
effect of the DSA-induced hardening. The functional form of a Weibull
distribution probability density function is employed to model the bell-
shaped hardening in flow stress versus temperature graphs. The model
parameters are obtained from the step-by-step calibration process.
Correspondingly, a finite element code is written to numerically verify
the proposed model.

Since occurrence and characteristics of the DSA phenomenon depend
on the level of plastic strain as well as the range of temperature and
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strain rate, the stress component for describing the DSA effect needs to
be modeled as a function of equivalent plastic strain, equivalent plastic
strain rate and temperature. In the proposed model, the magnitude of
the DSA-induced hardening, the temperature range where DSA becomes
active, and the temperature where the effect of DSA is strongest are
related to the equivalent plastic strain are defined by the DSA stress
component.

The proposed model showed a good agreement with the experiments
at temperatures ranging from room temperature to 923K and strain rates
ranging from 0.0015 to 500s 1. The VA model cannot capture the ex-
periments without incorporating the DSA component at T = 523K and
723K under ¢, = 0.0015 5! and 0.15s! where DSA becomes pro-
nounced. Meanwhile, damage accumulation was significantly observed
beyond a strain of 0.03 in the stress-strain curves. In order to more
accurately model the material behavior, the energy-based damage-
plasticity constitutive model may be established as was done in the
authors’ previous work [57]. The effective stress can be expressed using
the concept of undamaged and damaged material states as ¢ = ¢/(1 —¢)
where G, 6 and ¢ denote the effective stress, stress of the damaged body,
and the damage factor, respectively. The evolution of damage can be
obtained using the energy-based model by Abed et al. [2].

The finite element code for the proposed model was also developed
by building a user-defined subroutine and its validity is also tested using
theoretical predictions from the proposed model as well as the experi-
mental measurements. Using the validated numerical algorithm, some
DSA-related phenomena such as the propagation of Liiders band may be
further investigated in the future [26, 34, 48].
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